This paper presents two tooling-integrated sensing techniques for the in situ measurement and analyses of pressure distribution at the tool-workpiece interface and material drawin during the stamping processes. Specifically, the contact pressure distribution is calculated from the measurements by an array of force sensors embedded in the punch, whereas sheet draw-in is measured by custom-designed thin film sensors integrated in the binder. Quantification of the pressure distribution from spatially distributed sensors has been investigated as a regularization problem and solved through energy minimization. Additionally, a Bayesian framework has been established for combining finite-element analysis (FEA) based estimates of the pressure distribution with experimentally measured evidence, to achieve improved spatiotemporal resolution. A new data visualization technique termed pressure and draw-in (PDI) map has been introduced, which combine spatiotemporal information from the two sensing techniques into an illustrative representation by capturing both the tool-workpiece interaction (dynamic information) and resulting workpiece motion (kinematic information) in a series of time-stamped snap shots. Together, the two separate yet complementary process-embedded sensing methods present an effective tool for quantifying process variations in sheet metal stamping and enable new insight into the underlying physics of the process.
Introduction
Sheet metal stamping is a value-addition process that provides shape and strength to sheet metal stock. Sheet metal stamped parts have a ubiquitous presence in the automobile, aviation, naval, machine tool, and canned beverage industries. The most important reason for the broad utilization of stamped parts is the high speed associated with the process. Depending on the size and shape of the part, up to 60-100 parts can be made per minute. Second, the stamping process increases the stiffness of the sheet metal part due to cold working and out-of-plane deformations, thus strong parts can be made of relatively light weight, thin, and deformable sheet metal parts, one such example is of aluminum beverage cans made from sheet metal stock. Finally, multistage stamping operations can achieve a number of different manufacturing operations such as bending, blanking, embossing, and drawing in a single machine through one part fixture.
A basic panel stamping process is illustrated in Fig. 1 . The sheet metal stock is centered on the die manually or through automatic feed systems. Proper alignment of the stock is ensured by guide pins, grooves, or similar mechanisms. During the stamping process, the periphery of the sheet metal is gripped between the die and the binder. The binder force suppresses the wrinkling tendency of the sheet metal which stems from the compressive stresses that develops in the sheet metal during the stamping process. Furthermore, the distribution of the binder force controls the amount of draw-in motion that the sheet metal edge can experience during the process. This has a direct effect on the tensile stresses in the side walls of the stamped part.
Sheet metal forming continues to be one of the topics of interest to the manufacturing community, and recent studies have investigated assumptions made in analytical modeling of failure mechanisms of forming [1] . Previous research in quality and process monitoring of stamping processes has also shown that the repeatability of the interaction between the tool and workpiece has a strong impact on the geometric consistency of the stamped product. Variations in the tool-workpiece interaction are also reflected in the kinematics of the sheet metal motion during the process. The sheet metal motion is characterized by the draw-in parameter. Draw-in refers to the movement of the sheet metal edge between the binder and the die flange during the stamping process. The draw-in amount is an important manufacturing index in sheet metal forming and is an indicator of the success of a forming process. Insufficient draw-in of sheet material is concomitant with the appearance of splits and excessive thinning in stamped parts while excessive draw-in leads to wrinkling and other surface defects in the stamped part.
In the area of stamping process control, various methods have been investigated to control process variables, such as blankholder force and pressure [2] . The force control approach is shown to be augmented by forming models and referencing an optimal punch force trajectory [3] . A variant of model-based force control leverages spatially optimized blank-holder force control to improve forming limits of aluminum [4] . These studies indicate that the field of spatially optimized control can benefit from the real-time data generated by spatial-temporal sensing techniques presented in this work. Furthermore, the data measured in realtime can serve as input for online failure prediction models, such as wrinkling and tearing, as described in Refs. [5] [6] [7] . Beyond process control, the sensing techniques presented in this work can help in identifying the sources of variations in sheet metal stamping, which can augment statistical or probabilistic models for tracking variations [8] [9] [10] and establish a relationship between statistical measures of spatiotemporal sensor data and variations in part quality. The importance of spatiotemporal information in monitoring, control, and diagnosis of sheet metal stamping is increasingly realized [11] . However, the complex infrastructure required to obtain such information has presented a challenge. As technology continues to advance, various sensors, machine control systems, and process control models have been integrated to monitor process variables and observe the parts quality [12] . Beyond stamping processes, tooling embedded sensors can provide input for predictive models and help improve the accuracy and reliability of the prediction [13] , by providing in situ highquality sensing data for other manufacturing processes as well.
Online measurement of the tool workpiece interaction and sheet metal draw-in through tooling-integrated sensors has been the subject of much research. Some of the important research works in this field are illustrated in Fig. 2 . The shoulder sensor illustrated on the top right corner is designed to measure the tension in the sheet metal workpiece [14] . The sensor is installed on the die shoulder between the punch and binder and consists of a wheel which rotates with the sheet metal motion. The roller is supported by strain gauge-integrated steel webbings. During the stamping operation, the deformation in the webbings induced by the sheet material dynamics is measured by the strain gauges. These strain measurements are used to back calculate the tension in the sheet metal. Another study investigated the use of piezoelectric sensors integrated into the binder structure to examine the effect of draw bead height on the local binder force and the sheet pulling force [15] . This study also investigated the effect of embedding depth on the response for piezosensors embedded in epoxy mediums.
In addition to embedded force sensing, prior research has also focused on finding means to measure the motion of the sheet metal during the stamping process. A sensor that measures sheet metal motion [16] is illustrated on the top left corner of Fig. 2 . This design consists of a toothed friction wheel that rotates with sheet metal motion. The rotation of the wheel is sensed by a photoelectric fiber arrangement. A second type of material motion sensor illustrated on bottom left utilizes imaging algorithms similar to those used in optical mouse technology [17] .
The present investigation seeks to expand on the prior work by integrating force sensors into the stamping punch (prior research has focused on sensors in binder and die shoulders) and draw-in sensors into the binder, for simultaneous measurement of stamping dynamics and kinematics in stamping processes. This concept is illustrated in Fig. 2 . By integrating both force and draw-in information in a single graph called the stamping PDI map, this work provides new insights into the dynamics of the stamping process, which has been traditionally regarded as a black-box process in the industry. As a new data visualization technique, the PDI maps combine spatiotemporal information from two separate yet complementary sensing techniques into a readily understood representation, without compromising the physical significance of the data.
The remainder of this paper is organized into four sections. The first section describes the sensing principle of the tooling embedded PDI sensors as well as their design and experimental characterization. In the second section, a large-scale experimental setup with integrated PDI sensing and obtained sensor measurements is presented. The third section introduces numeric and model-based methods for pressure reconstruction from the sensor measurements. The results are presented in the fourth section, where embedded sensor measurements from the experiments are used to generate stamping PDI maps that provide a holistic picture of the stamping process. Finally, conclusions from the presented work are drawn. 
Sensing Principle
Sensors have been integrated into the punch and die flange to simultaneously measure contact pressure distribution at tool-workpiece interfaces and sheet material draw-in. The contact pressure is numerically estimated from force measurements realized by an array of piezoquartz-based sensors embedded into the punch working surface. The draw-in measurements are made by mutual inductance measurements made by opposing pairs of thin film coils embedded on the die flange and binder surfaces. This section presents a discussion on the design and characterization of the sensing principles.
Embedded Pressure Sensing.
Conventional sensing methods that include pressure indicating films or ink microcapsule based systems are unable to measure the dynamics of the process while piezoresistive cells based matrix sensor mats are not robust enough to operate under the harsh manufacturing conditions present inside the stamping press [18] . To overcome these limitations, the contact pressure at the punch-sheet metal interface is measured by means of commercially available hermitically sealed piezoquartz sensors integrated on the tool surface. The operational specifications of the sensor are described in Table 1 .
This sensor integration method is referred to as the top-mount technique. The schematic for a top-mount sensor is illustrated in Fig. 3 (left) . The critical design parameter is the distance by which the sensor protrudes from the surface of the stamping tool, referred to as clearance. The sensor assembly consists of two components: The sensor that is threaded into a stepped through hole on the die surface and an impact cap that fits on top of the sensor. This cap is made of steel and is ground to confirm with the local geometry of the tool surface. Figure 3 illustrates examples of topmount sensors integrated into flat and convex geometries.
There is a direct effect of the embedding clearance on the behavior and response of the top-mount sensor. This effect can be better understood from the pressure distributions illustrated in Fig. 4 . The top row of plots in Fig. 4 shows the contact pressure distribution around a top-mount sensor with a diameter of 18 mm embedded in the center of a contact area of diameter 77 mm. Going left to right, the net load on the contact area is the same (200 N) for all the tests but the clearance increases from a ground finish to 50.8 lm. In the experimental setup, the clearance is controlled by introducing precision steel shim sheets in steps of 0.0127 mm (0.0005 in.) between the sensor and the impact cap. The bottom row of plots illustrates the same information when the sensor is embedded in a cylindrical contact surface.
It is noted that as the embedding clearance increases, i.e., the sensor gets higher than the surrounding surface, the local pressure distribution tends to concentrate on the sensor surface. Such local distortions of the pressure distribution change the original in situ pressure distribution and hence need to be avoided. Thus, a low embedding clearance such as that provided by a ground finish is desirable for making pressure measurements without altering the contact pressure field that is being measured.
Further experiments were performed to investigate the role of the magnitude of the surface load and the embedding clearance on the performance of the top-mount sensor (C ¼ 0 refers to ground finish). The graph in Fig. 5 indicates the response of the embedded sensor to different loads applied at the contact interface. The tests were conducted with a 0.5 mm thick Al1100 sheet metal placed between the contact surfaces. The horizontal axis in the figure represents the load applied to the contact surface, and the vertical axis denotes the force measured by the embedded sensor. Each response curve in the figure represents the response of the sensor to 27 different test load cases. The error bars indicate the maximum observed variation in five repetitions of the same load case experiment. It is noted that the sensor's operational range is 0-22 kN; therefore, the response curves do not extend over this range.
It is further observed that in general, larger clearances lead to higher sensor response to surface loads confirming the observations made in Fig. 4 . An interesting finding is that for certain embedding clearances, the sensor responds in a bilinear manner to the surface applied loads. Interestingly, the bilinear behavior is only observed for a certain range of clearance values. With zero clearance, the sensor behavior is linear, and the same is true for clearance values greater than 0.0381 mm. However for C ¼ 0.0381 mm and C ¼ 0.0508 mm, the slope of the response is much higher than the slope of the linear response for C ¼ 0 mm. Furthermore, for C ¼ 0.0127 mm and C ¼ 0.0254 mm, the bilinear response is clearly present. It is also noted that for these cases, the repeatability in the lower segment (of the bilinear behavior) is much lower than that in the latter segment, as indicated by the error bars.
Further analysis indicates that the impact cap clearance imposes operational limits on the range of sensor measurements. These limits can be explained by examining two limiting values of the clearance C. For C > 0.0381 mm, experiments indicate that the sensor was experiencing the full applied load force. In this extreme case, the impact cap is protruding above the surrounding contact surface to such a limit that no meaningful measurements are possible. In the other extreme case where C < 0 mm, the impact cap is below the contact surface, and no measurement can be effectively achieved. However, this does not define the lower operational limit. The lower operational limit of the sensor measured force is the force that would act on the sensor when the impact cap is theoretically flush with the contact surface, and the pressure distribution over the entire contact surface is uniform. In this scenario, the force on the sensor could be estimated by the following expression:
Here; A Sensor element is the area of the sensing element; A Contact surface is the area of the contact surface; and F
Surface
Contact is the net force acting on the contact region:
The measured force is bound by these limits and defines the operational range for the sensor. These limits are shown as triangles superposed over the sensor response graph. For visual clarity, the operational range has been shaded gray. It is found that for the ground clearance (C ¼ 0), the sensor response is almost the same as the theoretical lower limit, and for C ¼ 0.0381 mm and 0.0508 mm the response coincides with the upper limit. This suggests that at these clearances, the sensor is operating at the operational limits. The linear sensor response and high repeatability of the experimental measurements suggest that it is feasible to perform embedded pressure measurements with a ground finish of the sensor impact cap.
Draw-In Sensing.
A draw-in sensor is developed by using the principle of mutual inductance [19] [20] [21] as seen in Fig. 6 . A current is excited in the primary coil, which induces electromotive force (EMF) or induced voltages in the secondary coil as shown on the left of Fig. 6 . The presence of metal (ferrous or nonferrous) near the coils changes the degree of mutual inductance as displayed on the right of Fig. 6 . Thus, the induced signal in the secondary coil (changed EMF) reflects how much of the coil is covered up.
In order to predict the sensor characteristics and to create a design guideline for the draw-in sensor, the analytical model was developed to determine the sensitivity of key design parameters, such as the gap between the two coils (D) and the coil width (W) and coil length (L), as shown in Fig. 7 .
The magnetic field in the secondary coil is first calculated as the result of the current in the primary coil (Eq. (2)), followed by the calculation of the magnetic flux (Eq. (3)), and the induced EMF (Eq. (4)) in the secondary coil [22] . Note that for simplicity, this analytical model does not include the electromagnetic properties of the materials Transactions of the ASME where N 1 is the number of primary coils, L is the coil length of the uncovered zone, W is the coil width, l 0 is the permeability constant of air (4p Â 10 À7 H/m), i is the excitation current (20 mA in our setup), and D is the gap distance between the two coils. Then, the magnetic flux through the secondary coil can be obtained as follows:
where U B is the magnetic flux, and A is the area of the secondary coil. Finally, by using the Faraday's law, the induced EMF in the secondary coil can be computed as
where e is the induced EMF, N 2 is the number of secondary coils, f is the excitation frequency (64 kHz), and t is the time.
It can be observed from Eq. (4) that the induced EMF increases with the number of primary and secondary coils, coil width, and coil length. However, the EMF decreases with the gap between the primary and secondary coils. In order to take into account the effects of electromagnetic properties of the metal covering the magnetic coupling area between the two coils, a simple simulation is developed similar to that of Fig. 6 by using the electromagnetic simulation software "INFOLYTICA-MAGNET," as illustrated in Fig. 8 . The coil width and length of the primary and secondary coils are 12.7 mm and 100 mm, respectively. The gap between the two coils is 0.76 mm, which is the thickness of the metal sheet. The material of the two coils is copper, and the sheet material is AA3003. The electromagnetic simulation result is displayed in Fig. 9 . When the sheet fully covers the coils, there is no induced EMF. The induced EMF increases linearly with the sheet displacement away from the coils. Various types of sheet materials and thicknesses have been simulated. The findings from all of the simulation results show that the induced EMF increases with decreasing magnetic permeability of sheet materials. Increasing sheet thickness causes the induced EMF to decrease due to the enlarging gap between the two coils.
Based on the preliminary findings from the analytical model and simulation results, a transducer of both primary and secondary coils is developed as shown in Fig. 10 . The design of the In order to determine the feasibility and performance of the developed transducer, a lab-scale (20 cm long) stamping simulator Transactions of the ASME is constructed as shown in Fig. 11 . A transducer is inserted into a slot in the die block as shown on the left of Fig. 11 . The primary transducer is inserted in the bottom die block, and the secondary transducer is located in the top die block as displayed on the right of Fig. 11 . A sheet metal is placed in between and fully covered the two transducers at the initial stage. During the experiment, the sheet metal is pulled out of the die blocks, changing the magnetic coupling area and the induced voltages. The induced voltage signals are then recorded with the pulling distance of the sheet. To calibrate this new draw-in sensor and to verify its result, the tip of the linear position sensor (LVDT sensor) is attached to the sheet metal to provide the reference data. A comparison result among the analytics, electromagnetic simulations, and lab-scale experiments of AA3003 sheet having 0.76 mm thickness is graphically presented in Fig. 12 . Note that the transducers have inner loops and nonlinear end effects, which reduce the working linear range down to approximately 60 mm, as seen in the experimental result. The induced voltages obtained from the experiment show lower values than those of the electromagnetic simulation and analytical model. This is due to the fact that the gap between the two transducers slightly increases during sheet sliding, which is difficult to control precisely in the experiment. The analytical model provides lower induced voltages than those of the electromagnetic simulation because the electromagnetic properties of sheet material are not considered in the analytical model. Although the results obtained from these three methods show different induced voltage values, all of them provide good linearity between induced voltage and sheet displacement.
In order to observe the linearity between the induced voltage and sheet displacement of these three methods among various sheet thickness values, the slope (induced voltage over sheet displacement) is calculated and compared as shown in Fig. 13 . The shift in the slope between those of the experiment and those of the analytical or simulation results is due to the fact that the gaps in the experiments were not exactly the same as those of the analytics and simulations. In the experiments, while the sheets were initially set to be closely in touch with the sensing area as specified, it was observed that gaps occurred between them and the draw-in sensors during their movement, leading to lower induced voltages. To address this issue, the slopes were plotted against the measured thickness of the sheets, in order to observe if the measurement results were consistent over different gaps between the sheets and the sensors. As shown in Fig. 13 , the slopes of all the three configurations provide the same trends over the increased sheet thickness (i.e., gap heights). This confirms that one can use the analytical model and electromagnetic simulation to anticipate the expected slope once a new design or a new material is in place.
Experimental Setup and Sensor Measurements
The draw-in and pressure sensors have been integrated into the binders and punch of a large-scale experimental setup [23] . The present work incorporates the findings of Ref. [23] with data from draw-in sensors to create PDI maps, which demonstrate the interplay between the die/binder pressure distribution and sheet material movement, thus presenting a clearer overview of the stamping process, at the system's level. The stamping experiment forms a 432 mm Â 508 mm aluminum panel from a 1.56 mm AA5182 blank on a 150 ton double action HPM hydraulic press. The tool setup consists of the punch, the die, and the binder. A total of 12 dynamic force sensors are integrated into the punch structure using the top-mount sensor integration technique. Five mutual inductance based draw-in sensors were integrated into the binder. The binder force is applied by four corner mounted hydraulic actuators and is measured by load cells. The experimental setup and the sensors are illustrated in Fig. 14. This section presents the measurements from the tooling-integrated sensors and discusses their significance.
Pressure Measurements.
The force sensor measurements from the sensors embedded in the punch are used to estimate the contact pressure at the sensor site. Pressure at the sensor locations is determined by dividing the sensor output by the area of the sensing element (2.85 cm 2 ). The experiments are performed for five binder (edge clamping) forces and draw depths, with each test repeated three times. Figure 15 shows the scaled pressure measurements for an experiment with 100 mm draw depth and 400 kN binder force, where good repeatability is observed. It can be seen that different locations on the punch exhibit distinct pressure signatures. For instance, sensors 1, 5, 10, and 12 are the first to sense the pressure increase, due to their position on the crest of the punch curvature. Of these four locations, 1 and 5 recorded larger pressures as they are close to the edges. Sensors 9, 10, 11, and 12 experienced much less pressure due to their internal locations on the punch face. The initial dip in the measured pressure can be attributed to the sliding of the sheet metal on the punch face. The late peak observed in most of the sensor measurements occurs when the punch is close to the bottom of the stroke. At this time, the rounded corners and edges are being formed, creating the high pressure. Sensors 7 and 3, being farthest away from the punch crest, are the last to come into contact and experience little pressure. This effect is more pronounced at location 3 as it sits lower on the punch face.
The difference in the sensor locations is further reflected in the distinctly different pressure signatures they have been associated [10] 091005-8 / Vol. 138, SEPTEMBER 2016
Transactions of the ASME with. In Sec. 4, these spatially discrete sensor measurements are used to estimate a spatially continuous estimate of the pressure distribution.
Draw-In Measurements.
In order to determine its feasibility and functionality, the draw-in sensors are later installed in a 1 m Â 1 m die and binder as shown in Fig. 16 and tested in the hydraulic press (Fig. 14) . In Fig. 16 , "TD" represents "draw-in transducer" and each transducer has a prescribed number for all the five locations. The die and binder of a door-shape are machined to create slots for embedding the transducers as displayed on the right of Fig. 16 .
In each stamping test, the tested sheet (AA5182 having 1.56 mm thickness) is placed in between the die and binder, and the punch is set to move down, deforming the sheet, at different drawing positions. During the entire stamping test, the transducers detect the movement of the sheet and provide the changing induced voltages. The punch position is recorded by a displacement sensor mounted on the hydraulic press and later mapped with the draw-in amounts obtained from the draw-in sensor to obtain continuous real-time draw-in histories at those five locations. The draw-in amounts reported from the developed sensors in this stamping process are compared with those obtained from using a caliper to measure the draw-in amounts at those five locations after each stamping step. The drawback of using caliper was its inability to capture the entire draw-in histories; only discrete draw-in amounts are obtained from the manual measurements. The results from the draw-in sensor (denoted as TD) and manual measurements using a caliper are shown in Fig. 17 . Note that only one test sheet is used for all the stamping steps. At the end of each step, sheet metal would springback and therefore, resulted in the discontinuity observed from the draw-in sensors. The plot presents the combined draw-in sensor results of all the stamping steps versus the punch position. As can be seen in Fig. 17 , the two methods provide similar results at all five draw-in locations while the draw-in sensors provide the continuous draw-in histories.
Reconstruction of Pressure Distribution
The estimation of a continuous pressure distribution on the tool-workpiece interface from measurements made by an array of discretely positioned sensors is a challenging problem. In this section, the issue of estimation has been approached as a regularization problem. It is solved through the thin-plate splines energy minimization technique, a special case of regularization. A Bayesian technique to leverage a priori knowledge of the pressure distribution by integrating it into the calculation of the pressure estimation is also examined in this section. Specifically, the Bayesian framework is utilized to integrate prior knowledge of the pressure distribution available in the form of an FEA simulated results with sensor measurements to improve the spatial resolution of pressure estimation.
Numeric Technique: Regularization and Thin Plates
Splines. The problem of determining the actual contact pressure distribution P from the set of the sensor measurements v is insufficiently constrained to achieve a unique solution. That is, there exist multiple pressure field solutions that can satisfy all the sensor measurements. The selection of one solution from the multitude of possible solutions can be achieved by regularization. Regularization is a mathematical approach for solving ill-posed problems through assumed restrictions on the smoothness of the final pressure solution [24] . The regularization-based approach to the current problem is to find a surface P* that minimizes a total energy criteria E T (P) defined below [25] . The particular surface P* that minimizes E T (P) is referred to as the regularized solution
Here, e d (P,v) is the component of the total energy function that measures the accuracy of the fit between the regularized solution and the measured data v. The smoothness constraint discussed before is embodied in the second energy term e d (P), also called the stabilizing function. The symbol k indicates the regularization parameter that controls the balance between having a regularized surface P* that perfectly satisfies all the input measurements v at the risk of having a noisy solution versus a P* that may not satisfy all the input data perfectly but has continuity and smoothness characteristic of most natural phenomena. The accuracy measure that quantifies the goodness-of-fit between a pressure solution P(x, y) and the measured data v i is written as
Here, n is the number of data points or sensors, and the ith sensor located at coordinates (x i , y i ) has a measurement variance of r i 2 . The stabilizing energy function e d (P) can have many forms with the only criteria being that lower energy leads to a more smoother surface. Commonly used forms of smoothness functions are based on physical principles, such as energy of a membrane (Eq. (7)), under the assumption of small in-plane deformations and the energy of a surface (Eq. (8)), under small out-of-plane deformations [24] 
Equation (8) is the same as the minimization objective for thin plate spline (TPS)-based surface interpolations [26] ; thus, TPS interpolation is recognized as a special case of regularization, where putting the regularization parameter k ¼ 1 in Eq. (2) gives
A numerical approach that uses radial basis functions to find the pressure field that minimizes Eq. (9) has been presented in prior work [26] . In Sec. 4.2, a Bayesian framework for integrating prior knowledge of the pressure distribution available in the form of an FEA simulated results with experimental sensor measurements is presented.
Model-Based
Technique: Bayesian Inference. In certain scenarios, it is possible that a pre-existing model of the pressure distribution at the punch-workpiece interface is available. The pre-existing model could be in the form of FE simulations of the stamping process. Thus, it is desirable to have a mathematical framework for combining information from a preexisting model with the new current information coming from sensor measurements. This work expands on a recently proposed engineering-statistical modeling approach that uses the Bayes method to update the engineering model through the sensor measurements based statistical model [27] . Specifically, the existing mathematical framework has been adjusted to accommodate two independent spatial variables to describe the time-varying data fields.
It is noted that the engineering model needs to mimic the physical system sufficiently well, this may be quantified by defining a model adequacy index of the form proposed in Ref. [27] . Given that this preliminary condition is met, the pressure field results from the FEA model can be extracted as a set of nodal reading of the form ðtÞ is the FE simulated pressure at node i at time instant t. P FEA (x, y, t) is the pressure at time instant t at any location (x, y) which does not necessarily coincide with a node location and f can be any linear or subdivision based interpolation function [28] . Since FE mesh tends to be dense, the estimation errors introduced due to f are small and can be ignored. P FEA (x, y, t) is used to calculate f i ðtÞ which is the FE estimated pressure at the location of the ith sensor, which is ðx When the experiment is repeated n times, the additional measurements are included in y i ðtÞ such that its length becomes n Â S, and f i ðtÞ is padded with repeated values to match its length. In the analysis that follows, y i ðtÞ represents the new knowledge about the pressure distribution. Having laid out the datasets and ignoring random errors, the constant adjustment model based on the model proposed in Ref. [29] is given as 
Whereupon, the posterior distribution of b(t) can be expressed as [30] bjP EXP ðx; y; tÞ
Here, r 2 ðtÞ is the variance of the sensor measurements at time instant t when the experiment is repeated n times. If the posteriors of the additive and multiplicative bias are denoted asb 0 andb 1 , respectively, the constant adjustment pressure predictor P CAM ðx k ; y k ; tÞ calculated over a computation grid of M points ðx k ; y k Þ will look like P CAM ðx k ; y k ; tÞ ¼ P FEA ðx k ; y k ; tÞ þb 0 ðtÞ þb 1 ðtÞ Â ðP FEA ðx k ; y k ; tÞ À f ðtÞÞ k 2 1::M
Optimized posterior biasb 0 ðtÞ andb 1 ðtÞ are calculated by maximum likelihood estimation [27] 
where in z 0 and z 1 take the values
Here,b 0 ðtÞ andb 1 ðtÞ are least square estimates of b 0 (t) and b 1 (t) and are calculated as
Equation (19) is central to combining the prior model represented by the FEA results with the new information provided by the sensor measurements. The results of this technique are discussed in Sec. 5.
Results and Discussion
The thin-plate spline technique presented in Sec. 4.1 and the Bayesian model based reconstruction technique discussed in Sec. 4.2 have been evaluated using the experimental data collected on the full-scale stamping experiment illustrated in Fig. 14. An FEA model of the process presented in previous work [31] has been used as the prior model for the Bayesian analysis. The present paper builds on the previous work by combining information from experiments and FEA in a stochastic framework, extending the spatially weighted blending function as described in Ref. [31] . This presents an improvement in estimating the pressure distribution in areas where sensor coverage is sparse, whereas FEA models exist for filling in information in the spatial regions of low sensor density. Specifically in the pressure experiments described in Sec. 3.1 of this paper, the sensor density is sufficiently high, and the geometric features on the die are smooth and sharp changes in pressure are not expected. Therefore, a reconstruction based purely on sensor data through TPS is effective. The stochastic method presented in Sec. 4.2 provides a good alternative for scenarios where this is not the case. Figure 18 illustrates the pressure distribution on the punch-workpiece interface at different time instants during the stamping process. The left most column shows the pressure distribution as estimated by FE simulations of the process. The right most column displays the pressure distribution estimated from the sensor measurements using thin-plate splines interpolation. The FE simulation results by virtue of the fine computation grid used have a high spatial resolution and indicate the presence of small features in the pressure distribution such as that present at the center of the die at T ¼ 12 s. It is noted that FE simulation results though rich in resolution and spatial features do not account for process variations that may crop up during an actual stamping process. The TPS results given on the right most column are based on the measurements of the 12 topmount sensors illustrated in Fig. 15 . Due to the sparse coverage of the tool surface by the embedded sensors, TPS results are less well defined and have a lower spatial resolution compared to FE results. The redeeming feature of the TPS-based pressure estimations is that they are sensitive to the variations that take place in the stamping process. The center column shows the results of the model-based reconstruction technique discussed in Sec. 4.2.
Pressure Reconstruction.
The contact pressure graphs indicate that all the three methods successfully identify the initial point of contact between the punch and the sheet metal. As the process progresses, the initial point of contact which is at the center of the punch due to its curved shape spreads out along the punch corners. It is noted that the FE simulation model overpredicts the pressure distribution as compared to the sensor measurements, the Bayesian model in the center combines the two information sources to achieve an estimate that realistically depicts the magnitude of the pressure while retaining the spatial features of the simulated results.
Stamping PDI Map.
The information from the embedded punch sensors, the draw-in sensors embedded on the die flange, and sensors mounted on the binder hydraulic actuators has been combined and presented in a single stamping PDI map in Fig. 19 . The thin-plate spline interpolation technique has been used to interpolate the pressure on the binder and the punch. The draw-in measurements are represented by vectors placed as the draw-in sensor locations. For visual clarity, the vector length is three times the actual draw-in amount. The vector direction is aligned along the sensing axis of the draw-in sensor. The sketch inset on the top left of the figure illustrates the positions of the various sensors on the stamping tools.
It is of interest to note the correlation between the material flow and the pressure distribution. In the initial few seconds into the process, the binder pressure at the top right corner is lowest, in this period the punch comes into contact with the sheet metal. The geometry of the punch causes the initial contact area to be spread out along the center of the punch. As the punch moves further into the sheet metal, the area of initial contact increases as well as the magnitude of pressure becomes higher. It is observed that the contact pressure increases along the punch edges this is because of the initial forming of the corners on the sheet metal part. The forward motion of the punch causes more sheet metal material to flow into the die and it does so along the path of least resistance. Since the sheet metal is restrained on all the sides, the material motion initiates in the region of least pressure. In this case the top right corner. This is most noticeable at time T ¼ 2 s, where the two top right draw-in sensors indicate a material motion of 10 mm and 7 mm while the rest indicate negligible movement. As the process progresses, the continuing motion of the punch is opposed by the binder force and results in increasing contact pressure on the punch surface. This leads to further increases in material draw-in from all the sides. It is noted that the regions with least binder pressure keep a lead on the material draw-in. Another interesting observation is that compared to the binder pressure distribution, the punch pressure distribution shows a lot more transient pressure features which are indicative of the process dynamics. The impact of these features on the part quality is topic of continuing research.
In order to establish a correlation between the tool-workpiece pressure distribution and the material draw-in, a second experiment was performed. In this second experiment, the binder actuator controller was tweaked to provide a more uniform binder pressure Fig. 18 Contact pressure at punch-workpiece interface estimated by FEA, Bayesian, and TPS distribution. The PDI maps for this experiment are illustrated in Fig. 20 . The effect of this minor adjustment is that the binder pressure distribution is more uniform. During the process, the material draw-in now begins at the lower left corner which has a relatively smaller binder pressure. On comparing PDI maps for the two experiments, it is interesting to note that the uniformity of the binder pressure distribution leads to a more balanced punch pressure distribution and to large changes in the final draw-in amounts. This is best seen by comparing the PDI maps at T ¼ 9 s. The PDI maps and the related tooling-integrated PDI sensing technology allow a new level of observability in the stamping process. These results can be used to quantify process variations in sheet metal stamping and further used for process control to reduce product disparities. Additionally, new products and processes can be designed based on the quantified and referenced variations.
Conclusions
This paper describes two complementary tooling-integrated sensing methods that collectively enables comprehensive and simultaneous monitoring of the dynamics and kinematics of the sheet metal stamping process, thus more clearly reveals the physics underlying the process than previous techniques. The analytical bases for the sensing methods are introduced, and the performance was experimentally evaluated. Specifically, the noncontact draw-in sensors embedded in the binders were found to respond linearly to the sheet displacement, thereby simplifying data capturing and processing. For pressure sensing, a top-mount method is developed, and numerical and model-based techniques for reconstructing the pressure distribution at the tool-workpiece interface from the spatially distributed sensors are experimentally evaluated. Both the thin-plate splines method and the Bayesian inference method were investigated for pressure data evaluation, depending on the availability of prior knowledge about pressure distribution. Analysis of the results, facilitated by the developed PDI maps that combine spatiotemporal information into an illustrative representation, reveals a strong correlation between the pressure distribution at the tool-workpiece interface and material draw-in. Measurements performed on a real-world stamping machine indicate that the tooling-integrated sensing techniques can contribute to improving the modeling, diagnosis, and optimization of the sheet metal stamping process to achieve better part quality control, thus advancing the state-of-the-knowledge of this important manufacturing process.
